Microchannel cantilevers are an emerging platform for physical characterization of materials at the picogram level. Here we report on detecting multiple thermal transitions in picogram amounts of two well-known polymers, semicrystalline poly(L-lactide) (PLA) and amorphous poly(methylmethacrylate) (PMMA), using this platform. The polymer samples, when loaded inside the cantilever, affect its resonance frequency due to changes in its total mass and stiffness. When taken through a thermal cycle, the resonance response of the cantilever further changes due to multiple thermal transitions of the samples. Continuous monitoring of the resonance frequency provides information about b-transition (T b ), glass transition (T g ), crystallization (T c ), and melting (T m ) of the confined polymer samples. The measured T g , T c , and T m for PLA were $60, 78, and 154 C, respectively, while the T g and T b for PMMA were 48 and 100 C, respectively. These results are in an agreement with the data obtained from differential scanning calorimetry (DSC). Because of its high sensitivity, this technique is capable of detecting the weaker b-transitions that cannot be observed with conventional DSC.
Introduction
Polymers are versatile materials with well-established applications in the pharmaceutical, 1 manufacturing, 2 chemical, Recently, various researchers have reported the use of nanoscale amounts of polymers for applications such as non-volatile memory, 6 energy storage, 7 and biomimetics. 8 Such applications require highly precise measurements of stability, durability, and purity of a polymer. Most of these characteristics can be investigated using thermal properties of polymers such as glass transition (T g ), crystallization (T c ), enthalpy relaxation, and melting (T m ). [6] [7] [8] [9] In addition to these well-known transitions, certain polymers may also exhibit a b-relaxation/transition, which is due to localized movements in the main chain or the movement of a very large side chain. 10 For large scale applications, most of these transitions can be probed with conventional techniques such as differential scanning calorimetry (DSC), [11] [12] [13] dynamic mechanical analysis (DMA), 14 thermomechanical analysis (dilatometry), 15 and dielectric spectroscopy (DES). 16 Although well established, these techniques are unsuitable for characterization of sub microgram levels of polymers due to the restrictions on the sample size ($5-10 mg) and dimensions. Therefore, there is an emerging need to develop techniques capable of characterizing materials at the nanoscale. In order to fulll this requirement, various sensors have been proposed to measure the thermal and mechanical properties of polymers at sub microgram levels. Microscale resonators is one such platform, which offers advantages such as; no shape dependence, high sensitivity, very small sample mass (nano to microgram), wide dynamic range of measurement, and faster operation.
17-20
Micro resonators, such as microstrings and microcantilevers, have been previously employed for thermal analysis (of small masses) of polymers. 17, 18, 21, 22 Both of these techniques require special spray coating or ink jet printing to deposit nanograms of sample. 23 Another challenge (when using microstrings or microcantilevers) is sublimation of the sample during heating. In order to overcome these difficulties, we have developed a microchannel cantilever consisting of microuidic channel integrated on top of the cantilever. With the volume of the microchannel $50 pL, the resonance frequency of the cantilever is $150 kHz while its quality factor lies in the order of six to eight thousand. These values ensure high resolution in detecting any changes in the resonance frequency. Previously, this principle and the device have been successfully employed to detect sub attogram mass, and the density and viscosity of picoliters of conned liquids and thermal sensor for binary liquid mixture. [24] [25] [26] [27] Without any complicated protocols or equipment, the polymer samples can be loaded into the microchannel using melt inltration. In order to detect thermal transitions, the polymer-lled cantilever is heated under high vacuum. Although the cantilever is operated at low pressure ($5 Â 10 À6 mbar), the polymer is enclosed within the microchannel which keeps the sample at atmospheric pressure. The incorporation of this microchannel enables the measurement of all thermal transitions up to (and including) the melting point. As a result, multiple heating cycles can be used to probe the transitions of the material in order to study its reversibility/ hysteresis. To test the cantilever systematically (as a platform for thermal analysis), two different polymers were chosen as a case study such as biodegradable, semi-crystalline poly (L-lactide) (PLA), and amorphous poly(methylmethacrylate) (PMMA). The aim of this study was to use a miniature, robust, and sensitive platform to obtain accurate information about the thermal events occurring in the polymers. Thermal characteristics such as T g , T c , T m and T b are investigated and the results are compared to those obtained from conventional DSC.
Experimental section
Poly(L-lactide) or PLA (M n ¼ 50 000) and poly (methylmethacrylate) or PMMA (M w ¼ 120 000) were used as test materials due to their well-known thermal transitions. The densities of the PLA and the PMMA samples used in all experiments are 1.3 g cm À3 and 1.2 g cm À3 respectively.
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The microchannel cantilevers were fabricated using conventional top-down microfabrication techniques, as described in our previous study. 21 The dimensions of the cantilevers were 200 mm (length) Â 20 mm (width) Â 3 mm (microchannel height) as shown in Fig. 1a . The calculated mass of the cantilevers were 14.6 pg (considering r Si 3 N 4 ¼ 3.44 g cm
À3
). Prior to loading the polymer samples, each cantilever was cleaned with piranha (in order to remove organic contaminants) and heated on a hot plate at 200 C for two hours to drive out any residual moisture. The cantilevers were lled with the polymer samples through a melt inltration technique, where a small amount of the samples was placed on inlets (located on backside on the chip). The chips were heated on a hot plate to 150-170 C. At the melting temperature, due to strong capillary forces, the polymer is able to ow inside the microchannel. Fig. 1a shows a schematic of the microchannel cantilever based thermal analysis platform used in this study. In order to apply a controlled thermal cycle, the cantilever was rmly placed on top of a Peltier element, and the temperature was continuously monitored by a Pt-1000 resistance temperature detector (RTD) mounted on top of the chip. Temperature was logged in real time by monitoring the RTD's resistance using a Keithley 197 multimeter interfaced with LabView soware. The cantilever was heated from room temperature to 180 C at a heating rate of 4 C min
À1
. In order to enhance the signal to noise ratio (SNR), the cantilever was mechanically excited by an external piezo actuator. The resonance frequency was measured optically using a laser Doppler vibrometer (LDV, Polytec, USA) and was monitored continuously during the experiments. As the polymer samples are viscous, a cantilever cannot be effectively ushed and be used for another sample. Therefore, to avoid cross contamination, two similar cantilevers were used to characterize the two polymer samples. Prior to loading each sample, the empty cantilevers were characterized to determine their resonance frequency and phase. In an effort to enhance the quality factor (and thus the sensitivity) of the cantilevers, all the experiments were carried out at a vacuum level of $10 À6 mbar. SEM of the top view of the cantilever is shown in Fig. 1b . A cross sectional SEM view of the channel (showing a lled and an empty channel) is shown in Fig. 1c . For reference measurements, the polymers were characterized using DSC (TAQ100) with 5-7 mg of sample, with a heating rate of 10 C min À1 .
Results and discussion
Though the cantilever has a microchannel fabricated on the top, it follows the same dynamics of vibration as a plain cantilever. The fundamental resonance frequency, f c (T 0 ), of the cantilever at temperature, T 0 , is given by eqn (1), where k c and m c are the cantilever's stiffness and mass respectively. 
Filling the cantilever with a polymer changes the stiffness and the mass of the cantilever, causing a shi in its resonance frequency. If the polymer stiffness and mass are indicated as k p and m p , respectively then by assuming a parallel spring-mass model, the effective resonance frequency f c+p (T 0 ) of the polymer-lled cantilever would follow eqn (2). 
, it is evident from eqn (1) and (2) that f c (T 0 ) > f c+p (T 0 ) (ESI †). As compared to the structural material (silicon nitride) of the cantilever, the polymer exhibits a higher change in its stiffness due to heating. Therefore, as the temperature increases, the change in k p dominates over k c , due to signicant changes in the elastic modulus of the polymer. Hence, by monitoring f c+p (T), the transitions of the polymer can be determined. From eqn (3) it is evident that k p can be determined by monitoring the resonance frequency of a cantilever before and aer loading the polymer (ESI for detailed derivation †).
here,
. In this case m c , m PLA , and m PMMA are calculated as 14.6, 6.24, and 2.8 pg respectively. Since the samples are conned inside the microchannel, there is no mass loss due to sublimation. Cantilevers with similar mechanical properties were used in order to perform the thermal analyses of the polymers. Prior to loading the polymers, resonance frequency and phase response of the empty cantilevers were recorded (shown in Fig. 2a and b) . The quality factor of the empty cantilevers was found to be $6000. However, aer loading the polymers into the microchannel, the resonance frequency of the cantilevers decreased by 14-16 kHz and the quality factor reduced to $20% of their original values. These changes ensure that the polymer successfully entered the cantilever. Unlike a cantilever (placed inside a liquid), which experiences a large viscous damping, a microchannel cantilever loaded with a viscous polymer maintains a quality factor well above 1000.
To accurately perform experiments, stability of the device temperature and its effect on the resonance frequency were rst quantied by heating the cantilever in a stepwise manner while simultaneously recording the temperature and frequency response. A 4
C step was applied to each cantilever and their corresponding temperature and frequency responses were recorded as shown in Fig. 3a . Temperature stability was achieved aer $60 s. However, as shown in Fig. 3a , the resonance frequency of the cantilever is material dependant and show stabilization times of 100, 150, and 270 s for the empty (s c,empty ), PLA (s c+PLA ), and PMMA (s c+PMMA ) lled cantilevers, respectively. Therefore, for subsequent measurements we have used 100, 180 and 300 s as stabilization times for the empty, PLA, and PMMA lled cantilevers respectively. The variation in time constant is directly related to the specic heat capacities of the cantilever material (SiN) and the polymers (PMMA and PLA) stored within. The trend in the observed time constants, s c,empty < s c+PLA < s c+PMMA , follows the samples' specic heat capacity as c p , SiN < c p , SiN+PLA < c p , SiN+PMMA .
31,32
The stabilization time for the resonance frequency of the cantilever (lled with PLA or PMMA) is much longer than 60 s. If a measurement is performed by achieving full stabilization (3s) in the resonance frequency, each measurement would take multiple hours. In order to reduce the measurement time and maintain the detection of small transitions (such as T b ), the cantilever was heated at the rate of 4 C min À1 . This heating rate and stabilization time enabled rapid measurement with sufficient sensitivity and resolution. Temperature dependant resonance spectra of the empty and polymer-lled cantilevers were measured and plotted as shown in Fig. 3b . In the case of the empty cantilevers, the resonance frequency initially increases with temperature, but no signi-cant changes occur at higher temperatures. This is in stark contrast to the results from the polymer-lled cantilevers, which show a signicant reduction in the resonance frequency at specic temperatures, corresponding to various thermal transitions. It is evident that the polymers undergo thermal transitions with increasing temperature, which reduces the effective stiffness of the lled cantilever, resulting in a reduction in the resonance frequency of the cantilever.
Further, the stiffness of the polymer inside the cantilever was determined using eqn (3) and plotted in Fig. 4a and b . Considering that the total mass (m p + m c ) and the stiffness (k c ) of the cantilever material (SiN) are constant, the stiffness of the polymer follows the same trend as that of the resonance frequency of the cantilever. For a comparison, Fig. 4a shows the stiffness of the PLA sample (extracted from the results of the cantilever), as well as the measurements carried out with DSC. The overall stiffness of the PLA-lled cantilever initially increases (up to 60 C), which is most likely due to a release of stress (in the silicon nitride). At $60 C, the stiffness of the cantilever decreases sharply which is the onset of T g of PLA.
Here the resonance frequency of the cantilever decreases by 60 Hz. The results from DSC indicate that the T g of the sample lies within the same region. As the temperature is increased further, k PLA starts to increase at 78 C, which indicates the onset of crystallization (T c ) of PLA. This can be explained as due to an increase in the elastic modulus of PLA during crystallization, which in turn increases the stiffness of the polymer. The T c of the sample is also evident at $87 C according to the data obtained from DSC. Melting point of the sample is determined by increasing the temperature in a continuous fashion. The onset of melting appears at $154 C (compared to 160 C obtained from DSC) as seen by a sharp decrease in k PLA . Upon melting, the viscosity of the sample decreases which explains the reduction in its stiffness. Fig. 4b shows the thermal transitions of PMMA, measured by the cantilever as well as DSC. As the cantilever is heated, the sample goes through a small but recoverable change in its stiffness (k PMMA ) at 48 C. Such a change is not visible in the data obtained using the DSC. This can be attributed to the btransition of PMMA and can be explained as due to hindrance of the molecular motion of the -COOCH 3 group (attached to the main chain C-C bond). 33 Though this transition cannot be probed using DSC, it can be measured by DMA and DEA, as reported in literature. 34, 35 As the PMMA lled cantilever is further heated to $100 C, a sharp reduction in k PMMA occurs, which is identied as the T g of PMMA. Such a change is also observed in the DSC data at 103 C. Any small discrepancies between the temperatures reported between these two techniques may be due to the method used to determine the temperature within the microchannel. Overall, the thermal transitions of these two polymers measured by suspended microchannel cantilever are in excellent agreement with established techniques such as dilatometry, DMA, and DES as reported in literature as shown in Table 1 .
Conclusions
A suspended microchannel cantilever has been developed to use as a thermal analyzer of picogram amount of sample. Thermal transitions (T b , T g , T c and T m ) of picogram amounts of polymer samples were determined by monitoring the resonance response of the microchannel cantilever. The results show an excellent agreement with the data recorded by DSC and other established techniques reported in literature. With further optimization, the microchannel cantilever has the potential to be a precise and convenient tool for thermomechanical characterization of a plethora of different expensive sample types at nano to picoscale.
